Fusion proteins between the green fluorescent protein (GFP) The gross architecture of the actin cytoskeleton in the yeast Saccharomyces cerevisiae has been well characterized, although its specific cellular functions remain elusive. As visualized using fluorescently labeled phalloidin (1) or antibodies (2), the actin cytoskeleton consists of cytoplasmic actin cables and cortical actin patches whose distribution within the cell changes during the cell cycle (Fig. 1) . During vegetative growth, an asymmetric distribution of these structures is apparent, with the cortical patches localizing to sites of cell surface growth and the cables often oriented toward these regions. Following entry into the cell cycle from Go or after G1 phase, when the cortical patches are delocalized over the entire cell surface and the cables are distributed evenly through the cytoplasm, the cells prepare to bud. As the bud develops, most of the patches appear in the growing daughter cell, with the cables appearing to be oriented along the long axis of the mother cell. As the daughter cell matures, the patches localize to the septum, with the cables appearing to radiate from this region. During the development of mating projections in haploid cells ("shmooing"), cortical actin patches localize to
with their gene deletions. Direct observation in vivo reveals that the actin cortical patches move. Movement of actin patches is constrained to the asymmetric distribution of the patches in growing cells, and this movement is greatly reduced when metabolic inhibitors such as sodium azide are added.
Fusion protein-labeled patches are normally distributed during the yeast cell cycle and during mating. In vivo observation made possible the visualization of actin patches during sporulation as well.
The gross architecture of the actin cytoskeleton in the yeast Saccharomyces cerevisiae has been well characterized, although its specific cellular functions remain elusive. As visualized using fluorescently labeled phalloidin (1) or antibodies (2), the actin cytoskeleton consists of cytoplasmic actin cables and cortical actin patches whose distribution within the cell changes during the cell cycle (Fig. 1 ). During vegetative growth, an asymmetric distribution of these structures is apparent, with the cortical patches localizing to sites of cell surface growth and the cables often oriented toward these regions. Following entry into the cell cycle from Go or after G1 phase, when the cortical patches are delocalized over the entire cell surface and the cables are distributed evenly through the cytoplasm, the cells prepare to bud. As the bud develops, most of the patches appear in the growing daughter cell, with the cables appearing to be oriented along the long axis of the mother cell. As the daughter cell matures, the patches localize to the septum, with the cables appearing to radiate from this region. During the development of mating projections in haploid cells ("shmooing") , cortical actin patches localize to the membrane of the growing tip at the site of membrane insertion (3) (4) (5) (6) .
A number of proteins have been shown to associate with the actin cytoskeleton, some specifically at the cables or patches, and some at both (reviewed in ref. 7) . A great deal of effort has gone into understanding the relationships among these proteins and their roles in the functioning of the actin cytoskeleton. For example, actin has been shown to play an essential role in endocytosis involving both fimbrin (Sac6p) (8) and Sla2p (9, 10) . The cortical actin patches have also been suggested to play a role in cell wall synthesis (11), whereby cell wall deposition occurs at cell membrane invaginations where the actin cytoskeleton is hypothesized to counteract the cytoplasmic turgor pressure. (20) . DNA was sequenced by the chain termination method using the modified T7 polymerase Sequenase version 2.0 (United States Biochemical).
Plasmids. Plasmids used for the expression of proteins are derivatives of pTS210 (21) with the GAL1-10 promoter andACT1 terminator sequences replacing the EcoRI-Sph I region], which was constructed by T. Stearns (Stanford University). A short multiple cloning site separates the promoter and terminator sequences (GGATCC GC AAGCTT GC TCTAGA). ACT1 sequences were amplified from pRB668 (a YCp50-based vector containing the 3.3-kb BamHI-EcoRI ACT1-bearing chromosomal fragment). All the plasmids used here were derived from this plasmid by standard methods (20) , including PCR to recover sequences encoding GFP, Actlp, Sac6p, and Abplp. These plasmids are all nearly identical (except for fusions they encode) and are listed in Table 2 (23) on a URA3-marked CEN plasmid. The actin fusion to the N terminus of the GFP that worked best was pRB2133, which contains the entire actin coding sequence, a segment in-frame encoding 10 alanine residues followed by the GFP sequence. As controls ( (24) .
When MATa haploid cells are growth arrested by the addition of a-factor (to 20 /g-ml-1), with subsequent mating projection (shmoo) induction, GFP-actin cortical patch localization to the growing mating projection is apparent (Fig. 2 a-f). After 90-min incubation, cortical patches in most cells have localized to one pole of the cell, and cells show short projections (Fig. 2 a and b) . After 200-min treatment, the length of the mating projections had increased, but the cortical patches still localized to the tip and side walls of the shmoo (Fig. 2 c and d) . Following prolonged exposure to a-factor (6 hr), the cells had reentered the cell cycle, budding at the end of the shmoo, again localizing cortical patches predominantly to the bud cell ( Fig. 2 e and f) . In addition, following the prolonged cell growth arrest, bars of actin-GFP were apparent, reminiscent of those observed in cells bearing the actl-2 allele (25) . Upon transfer to low nitrogen and carbon medium, diploid cells undergo sporulation, and the distribution of cortical patches can be followed in the spores within the developing ascus (Fig. 2g-p) . As the spores form within the outer cell wall, delocalized cortical patches are still apparent, along with a high background fluorescence from the excluded cytoplasm of the spore (Fig. 2g-j Fig. 2 1, n, (26) is also known to localize specifically to cortical actin patches. The yeast fimbrin homologue Sac6p (27) , and the transformants mated with the abpl delete strain DDY322. Diploids were selected on SD plates supplimented with histidine, and sporulated. Tetrad dissection and analysis of both transformed diploid strains revealed that the expected ratio of leucine auxotrophs with an absolute requirement for the plasmid, when selected on 5-fluoroorotate (5-FOA) plates. These segregants lack chromosomal copies of both sac6 and abpl and maintained either pRB2139 and pRB2140, confirming that both the expressed fusions are fully functional.
Independently, Waddle et al. (28) found that a GFP fusion to Cap2p (another cortical patch-associated protein) similarly localize to the cortical actin patches. The similarity in appearance among all these GFP fusions, and the concordance with expectations based on images of fixed cells, indicates that each of the fusion proteins is labeling at least the cortical actin cytoskeleton faithfully and that these fusions can indeed be used to observe the actin cytoskeleton in living cells and in real time.
Movement of Cortical Actin Patches. The most immediate observation on living cells, and also the most unexpected, was that the cortical actin patches move. They are dynamic structures whose movement is readily visible in real time when viewed under the microscope. Fig. 3 presents a montage of images taken every 10 sec. Although Fig. 3 The movement of the actin cortical patches, as observed with actin-GFP, is constrained. Most patches move within a very restricted region of the cell surface. However, occasionally patches are observed to move rapidly across large areas of the cell surface. Because the movement of the patches is not restricted to the focal plane of the microscope, patches can be observed to appear and vanish as they pass through the focal plane. Consequently, it is difficult to estimate the speed of patch movement, but estimates of 0.1-0.5 t,m-sec-1 have been made using GFP fusions to an actin-associated protein Cap2p (28) .
Cortical patch movement is also observed using GFP(S65T)-Abplp and GFP(S65T)-Sac6p. There appear to be no differences observed other than the occasional visualization of filaments with GFP(S65T)-Sac6p. However, it was very difficult to photographs these filaments, and difficult to determine whether they move. Our results on movement with actin-GFP are also entirely consistent with those of Waddle et al. (28) , who used GFP(S65T)-Cap2p.
Cortical patch movement (as seen using actin-GFP) occurs during all stages of the normal cell cycle, and patches are also observed to move in cells in G1. 
